Our recent study related to neonicotinoid pharmacophore was presented. The first topic described on the QSAR study with 17 variants of 2-nitroiminoimizolidine. The insect neuroblocking potency is proportionally related both to the Mulliken charge on the nitro oxygen atom and log P. The second raised the functional possibility of the 3-fluoropropyl group as an H-bond acceptor for the neonicotinoid skeleton. Its 2-nitroiminoimidazolidine derivative actually showed the insecticidal tendency common to the neonicotinoids bearing a 6-chloro-3-pyridylmethyl group, although the activating strength was not as high as expected. The third introduced a new type of neonicotinoid compounds of alkylene-tethered twin-structure. The insecticidal activity against American cockroaches was dependent on the tether length and maximized at the hexamethylene with the minimum lethal dose of 2.2 nmol/insects, comparable to that of imidacloprid.
Introduction
The generalized structure ( Fig. 1 ) of neonicotinoid molecules is constructed by two pharmacophoric elements; a push-pull olefin moiety composed of NNO 2 , CHNO 2 or NCN as the electron-withdrawing group conjugated to imidazolidine, oxazolidine, thiazolidine, pyrrolidine, six-membered heterocyclic rings or their acyclic isosteres (central moiety hereafter) and a heterocyclic element like 6-chloro-3-pyridyl, 5-chloro-3-thiazolyl or 3-tetrahydrofuranyl joined with the N 1 site of the central moiety through a methylene juncture. The representative binding mode is described as follows. The nitro or cyano group interacts with a receptor at its negative tip with positive residue on the receptor through a Coulombic interaction, and the central moiety interacts with the p-donor residue through the vertically projecting vacant 2p-orbitals. The heterocyclic ring interacts with the receptor as an H-bond acceptor through the hetero atom on the ring. Here we introduce three of our recent studies associated with the pharmacophore of neonicotinoids.
Relation of Physicochemical Factors of the Central Moiety with Insect Neuroblocking Potencies

1)
The central moiety undoubtedly will play a crucial role in activity, although it remains under discussion how this push-pull olefin part functions in the receptor-ligand complex. [2] [3] [4] [5] [6] In order to see how the stereoelectronic factors of the key moiety relate quantitatively to the biological potencies, we have calculated several quantum chemical coefficients, such as the charge density, LUMO or HOMO for 17 variants of nitro compounds ( Fig. 2 and Table 1) , and we were able to identify a significant relationship between the neuro blocking potencies using the American cockroach central nerve code and the Mulliken charge (Q) on the nitro oxygen atom O 2 . The calculation was done for N 1 -methyl derivatives (structure in square) for simplicity and geometry optimization was carried out at the B3LYP/6-31G(d).
The result largely says that compounds showing higher neuro blocking potencies have larger Mulliken charge magnitudes on the nitro oxygen atom. This means, the Mulliken charge on the nitro oxygen atom certainly plays a significant role in the insect neuro blocking activity. This relation is also good between the binding strength to Drosophila nAChR of the compounds 18, 19 and 20 8) and the calculated charges. The small Mulliken charge for 21 also accounts well for the nil insecticidal activity. 9) As above, we could qualitatively grasp the parallel relationship between the biological potency and the nitro oxygen charge. This result also coincided with the electrostatic potential around the nitro group delineated by CoMFA 10) or the similarity score analysis. 11) However, the potency magnitudes of some compounds such as 10 and 11 were apparently smaller than predicted from the charge magnitudes. In fact, we could not derive a quantitative equation of high confidence only using the Mulliken charge, even omitting compounds 10 and 11. Biological activity strength is determined not only by the pharmacodynamic factors associated with the interaction involving the pharmacophore but also the pharmacokinetic factors associated with the movement and distribution of a molecule in insect fluid, which relate to the whole molecule. Among the pharmacokinetic factors, the lipophilicity of a molecule is especially important for exhibiting activity. It is well known that hydrophilic molecules elicit only a modest nerve blocking effect despite fulfilling the pharmacophoric requirements. Table 1 shows the measured log P values of these compounds. The values of molecules 10 and 11 were actually very small, thus these compounds are really hydrophilic. With the log P values added to the Mulliken charges, we quantitatively analyzed the relation to the neuroblocking potencies, and were able to find the following equation as the most fitting one.
log(1/BC)ϭϪ7.651(Ϯ8.609)Ϫ29.883(Ϯ20.499)(Q O2 ) ϩ1.976(Ϯ0.737)(log P) nϭ17, sϭ0.477, rϭ0.839, F 2,14 ϭ16.57.
This equation indicates that the neuro blocking potency is proportional both to the magnitude of the Mulliken charge on O 2 and the log P value. Thus far, the relation of certain physicochemical factors with a certain insecticidal potency for the key pharmacophore has been discussed qualitatively from different angles at different levels. This study is the first example that indicates a quantitative relation between them. This equation also gives an important result that potential insecticidal molecules in this class must possess not only a large negative charge on the nitro oxygen atoms but also sufficient lipophilicity.
Seek for a Replaceable Moiety for Chloronicotinyl Group 12)
Many substituents have been introduced into the N 1 atom on nitroimino-imidazolidine during the development study for this class, and the 6-chloro-3-pyridylmethyl (chloronicotinyl hereafter) group was found to enhance the activity of the original compound more than 3000 times. 13) Later, chlorothiazolyl and tetrahydrofuranyl groups were found as an activator and applied to commercial products, 14, 15) and quite recently we found 5-fluoro-6-chloro-3-pyridylmethyl group as an equally strong activator. 16, 17) These heterocyclic groups have been assumed to function as an H-bond acceptor, as shown in Fig. 3 .
We noticed the H-bond accepting ability of the fluorine atom of C-F compounds, 18) and introduced several fluoroalkyl groups to the neonicotinoid skeleton. Table 2 shows the insec-Journal of Pesticide Science ticidal activities against three insects, a hemiptera green peach aphid, a lepidoptera tobacco cutworm and a coleopteran cucurbit beetle. The insecticidal activity of 3-fluoropropyl-2-nitroimino-imidazolidine (24) is apparently higher than those of propyl (22), 3-chloropropyl (25), 2-fluoroethyl (23) and 4-fluorobutyl (27) derivatives. Also we can see that compound 24 shows higher activity against the sucking insect aphid while lower activity against the biting insect tobacco cutworm, which is a common tendency in the neonicotinoids. 13) These results suggest that the fluorine atom at this position, which corresponds to the chloronicotinyl nitrogen atom, can actually function as an H-bond acceptor. From the pharmacophoric viewpoint, this means that the involvement of a proton acceptor in a broader sense at this position is indispensable for activity. Unfortunately, the activating strength of the fluoro- propyl group was smaller than expected, and the activity of 3 did not match that of imidacloprid (1) and 3-fluoropropyl-imidacloprid (29).
Design of Divalent Neonicotinoids
19-21)
Divalent ligand possessing two pharmacophores which are linked with each other through a tether binds at two sites simultaneously, in contrast to the prevailing monovalent ligand possessing a single pharmacophore to interact with the receptor at a single region. The continuous binding of a divalent molecule to two sites is thermodynamically advantageous over two single bindings of monovalent molecules.
22)
We prepared divalent and trivalent neonicotinoids where two or three neonicotinoid pharmacophores are joined through tethers. [19] [20] [21] Table 3 shows the insecticidal activity of selected bis-imidacloprid compounds against American cockroaches by injection. Interestingly, the activity strongly depends on the tether length, and the hexamethylene derivative (34) was the highest. The minimal lethal dose of as low as 2.2 nmol is comparable to 2.5 nmol of imidacloprid (1) .
Existing monovalent neonicotinoids act agonistically on nAChR. Each nAChR possesses two acetylcholine-binding sites on the interface to the a-subunits, and the channel opens when two acetylcholine molecules bind with the two sites. Referring to this binding mechanism, the idea of a continuous bivalent bridging of tethered bis-neonicotinoids at the defined acetylcholine sites is tempting, although the insufficient linker length probably precludes it.
The functional architecture, diversity and three-dimensional structure of insect native nAChRs have not been elucidated, although several genes encoding insect nAChR subunits have been cloned for several different insects, and it is generally figured that there are multiple binding sites, some for pharmacophores, others for allosteric effectors and some others for anchors. 4, 5, [23] [24] [25] [26] Divalent neonicotinoids may bind to the AChR recognition site with the one pharmacophore, and the another successively binds to the site at the tetherlength distance from the first, inducing a conformational change to modulate the channel. Elucidation of the binding mechanism of divalent neonicotinoids might contribute to clarify the interplay among the subsites within the insect nAChR by identifying the recognition sites at the tether length distance.
Further, I would like to touch upon an argument that ligands acting agonistically on the nAChR are generally insecticidal active, whereas antagonistic ligands are mostly insecticidal non-active. 26, 27) Indeed, all commercialized neonicotinoids are potent agonists on insect AChRs. Recent electrophysiological study using the patch clamp technique has shown antagonistic action of tethered bis-neonicotinoids on the cockroach nAChRs. 28) In this respect too, an attempt to exploit potent insecticidal polyvalent neonicotinoids will be challenging. Journal of Pesticide Science 
